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I, Ronald Klein, Ph.D. hereby declare and say as follows: 

THAT, I am employed as an assistant professor at Louisiana State University Health 
Sciences Center, Shreveport, LA.; 

THAT, I earned my Ph.D. in Pharmacology in 1 995, from University of Colorado Health 
Sciences Center, Denver, CO, a copy of my curriculum vitae is attached hereto as 
Exhibit A; 

THAT, I am one of the above-named Applicants and inventors of the subject matter 
described and claimed in the above-identified patent application; 

THAT, by virtue of my educational and employment background, my attendance at 
seminars, my ongoing research, my continuing review of scientific periodicals and journals, and 
through correspondence with professional colleagues, I am aware of the level of skill of one 
ordinarily skilled in the art of neuroscience, pharmacology, and gene therapy; 

THAT, I have studied the application Serial No. 09/780/041 and all office actions ^ 
which have been issued during prosecution of this application (including cited CVs> 



references), as well as all responses which have been filed on the Applicants' behalf, and 
being thus duly qualified declare as follows: 

1. The Patent Office questions whether the somatic gene transfer methods taught in the 
specification and claimed in the subject application will achieve the desired 
phenotype in animals other than the rat. The office action cites a number of 
references to allege that in vivo genetic modifications is unpredictable. In particular, 
the Patent Office questions whether the phenotype of neuronal pathology that is 
produced in rats could not be produced in other animals without undue 
experimentation. The Patent Office questions whether the claimed methods and 
compositions would produce a similar pathological profile in higher mammals other 
than rats, and even questions whether they would work in other rodents such as mice. ' 
See page 6 of Office Action dated 1 1/5/02. 

2. As a preliminary matter, the neuronal pathways and neuroanatomy of rats, mice, and 
higher mammals such as dogs and monkeys is well characterized. Techniques for 
delivering substances for specific areas of the brains in higher animals is well 
established. The characteristics of the neuronal pathways in rats and higher animals 
that equate to the pathways involved in human neurological pathology is also well 
established. From a scientific point of view, there is no valid scientific reason to 
believe that the tau-containing vectors delivered to brains other than rat brains would 
not be expressed and not produce the same neuropathology that we have shown in 
rats. Certainly, given their closely similar neuroantaomy, one would expect that the 
neuropathology original shown to occur in rat brains would also occur in mice brain. 

3. Indeed, I attach hereto a manuscript demonstrating that the delivery to mice brain of 
the same tau containing vectors shown to produce tau pathology in rat brain produced 
similar tau pathology in mice brain. Exhibit B 5 see Figure 4A-B. It is noted that the 
mice used in this study were doubly transgenic PS1/APP mice. However, the fact 
that the mice used in this study were transgenic PS1/APP mice should be of no 
consequence to the predictability of producing a tau-pathology in mice. We have 
shown that the pCB-Tau AAV vectors were successfully expressed in both rat and 



mice brain. Furthermore, the expression of this vector produced a tau pathology in 
both rat and mice brain. This evidence clearly demonstrates that the Applicants of the 
present application were in possession of and enabled methods of producing models 
in mice as well as rats. 

4. In addition, I attach an article (Kirik et al.; Exhibit C) which reports the results of 
implementing the somatic gene transfer techniques as taught in the subject application 
in primates. As you can see, AAV vectors containing the alpha-synuclein gene were 
introduced into the nigrostriatal neurons of adult marmosets. The article reports that 
the alpha-synuclein gene was expressed, and that this expression caused severe 
neuronal pathology, including alpha-synuclein- positive cytoplasmic inclusions and 
granular deposits; swollen, dystrophic, and fragmented neuritis, and shrunken and 
pyknotic, densely alpha-synuclein perikarya. While this study involved the 
introduction of the alpha-synuclein gene, and not a mutant tau gene, it nonetheless 
shows that the claimed methods are sound and would be expected to work in animals 
comprising the appropriate neural pathways. The fact that introduction of alpha- 
synuclein gene in marmosets produces neural pathology as predicted by the teachings 
of the subject application evidences the high likelihood that introduction of a mutant 
tau gene in animals other than rats would also produce tau pathology in those other 
animals. Certainly, I would expect that the tau pathology observed in rats and mice 
would be also be observed in higher mammals. The fact that the methods as 
presently claimed would equally work in both rats and mice is abundantly clear. 

5. Furthermore, I include references which discuss various versions of mutated tau 
proteins that have been shown to be associated with a neurological condition. Exhibit 
D. In my opinion, it would be routine to substitute these other mutant tau proteins for 
the P301L mutant tau protein specifically described in the Examples section of the 
subject application, and used in the attached study. Furthermore, the expression of 
these other mutant tau proteins, and whether they produce the related neuropathology, 
in animal brain could be easily determined without undue experimentation. 
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6. The undersigned declares further that all statements made herein of his own 

knowledge are true and that all statements made on information in belief are believed 
to be true; and further that these statements were made with the knowledge that 
willful false statements in the like so made are punishable by fine or imprisonment, or 
both, under '1001 of title 18 of the U.S.C. and that such willful false statements 
made jeopardize the validity of the application or of any patent issuing thereon. 

Further declarant sayeth naught. 




Ronald Klein, Ph.D. 
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ABSTRACT 



Neurofibrillary pathology was produced in the brains of adult rats after localized gene transfer of human tau 
carrying the P301L mutation, which is associated with frontotemporal dementia and parkinsonism linked to 
chromosome 17. Within one month of in situ transfection of the basal forebrain region of normal rats, tau- 
immunoreactive and argyrophilic neuronal lesions formed. The fibrillar lesions had features of NFTs, 
including argyrophilia, and tau immunoreactivity at light and electron microscopic levels. In addition to 
NFTs, other tau pathology, including pre-tangles and neuropil threads, was abundant and widespread. Tau 
gene transfer to the hippocampal region of amyloid-depositing transgenic mice produced pre-tangles and 
threads, as well as intensely tau-immunoreactive neurites in amyloid plaques. The ability to produce 
neurofibrillary pathology in adult rodents makes this a useful method to study tau-related neurodegeneration. 
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Tauopathies are a group of progressive neurodegenerative diseases characterized by abnormal 
neuronal and often glial accumulations of the microtubule-associated protein tau (1, 2). In the adult nervous 
system tau is preferentially localized to axons (3), where it contributes to dynamic properties of microtubules, 
including fast axonal transport of vesicular structures (4). In human tauopathies tau is phosphorylated 
excessively and on amino acid residues not usually modified (5-7), resulting in abnormal conformations (8) 
that are likely to interfere with a variety of intracellular functions (9-12) and even cellular survival (6). The 
selective axonal compartmentation of tau is also lost as abnormal tau accumulates in neuronal perikarya and 
dendrites (13). In many familial and sporadic tauopathies tau is detected in glial cells as well (14). 
Intracellular lesions develop as non-fibrillar aggregates referred to as "pre-tangles" (15). Over time these 
progress into argyrophilic, filamentous neurofibrillary tangles (NFTs). At the electron microscopic level, 
pathologic tau filaments take a variety of forms, including paired helical filaments and straight filaments, 
which are relatively disease-specific and related to the tau isoform composition of fibrils (2). In Alzheimer's 
disease (AD), NFTs composed of 3R and 4R tau (isoforms containing 3 or 4 repeats of a 31-32 residue motif 
in the microtubule-binding domain) usually appear as paired helical filaments. In the most common 
tauopathies, which are associated with preferential accumulation of 4R tau, the filaments are straight or 
twisted ribbons (5). 

NFTs characterize the neurodegeneration found in the tauopathies, but they are also a diagnostic 
necessity for (AD; 16), and their density and distribution correlate with cognitive deficits even in early stages 
(17, 18). NFTs have been difficult to study experimentally because they rarely develop in subprimates (19). 
As a result it is not fully understood how pre-tangles and NFTs are linked to neurodegeneration or to senile 
plaques that are the other major histopathologic lesion in AD. With the discovery of mutations in the tau gene 
it has become possible to employ mutant tau in experimental analyses of neurofibrillary pathology. Current 
animal models of transgenic tau expression in flies (20), zebrafish (21), lampreys (22), and mice (23-27) have 
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provided a wealth of information about tau pathology. In particular, the P301L mutation, which is the most 
common cause of frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17; 1), has 
been used in developing mouse models that share structural and biochemical features with human tauopathies 
(23-25). 

Somatic cell gene transfer can complement and extend the whole animal transgenic approach for 
analyzing the neurobiological function of gene products. Brain regions can be selectively targeted and 
regions not transfected can serve as within-animal controls. The onset of expression of target genes can be 
controlled to bypass potential developmental effects and study the temporal course of pathophysiology or 
adaptation to mutant gene expression. The effects of multiple transgenes can be studied without the need to 
develop new breeding lines. Along this line, both lentivirus and adeno-associated virus (AAV) vector-based 
systems have led to nigrostriatal degeneration models in rats via alpha-synuclein gene transfer (28, 29). We 
used AAV vector-based somatic gene transfer to produce localized expression of mutant tau to generate 
neurofibrillary pathology. In addition to using this in normal animals we also transferred mutant tau to 
transgenic mice which develop robust amyloid plaque pathology at an early age as a consequence of 
expressing mutant forms of presenilin and amyloid precursor protein (PS1/APP mice; 30). 

RESULTS 

DNA for P301L mutant tau (4R2N; 30) was incorporated into two AAV-2 expression plasmids (31). 
The pTau-W construct contained the hybrid chicken beta actin/cytomegalovirus (CBA) promoter (32) and the 
WPRE (woodchuck hepatitis virus post-transcriptional regulatory element; 33), and a second construct, pCB- 
Tau, contained only the CBA promoter. Protein extracts of cells transduced with either vector produced a 
major band at about 70 kDa on western blots for human-specific tau (T-14; Fig. 1), and the WPRE construct 
appeared to produce more tau expression under the same experimental conditions (lanes 1 & 2). Both P301L 
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4R2N tau AAV vectors were evaluated in rat whole brain primary neuron cultures (34) and in the rat brain. 
Tau expression was detected in primary neuronal cultures after 5 days with the pTau-W AAV vector, but no 
expression was detected from similar treatments with pCB-Tau AAV (Fig. 1, lanes 3-7). The WPRE 
therefore boosted tau expression in neuronal cultures as previously reported for green fluorescent protein 
(GFP; 3 1). Tau transgene expression was detected on western blots after injections of the vectors into the 
medial septal region of the basal forebrain of 3 month old male Sprague-Dawley rats (38). Immunoblots for 
total human tau (T-14; Fig. 1, lanes 8, 9) or hyperphosphorylated tau (CP13; Fig. 1, lanes 10, 11) 
demonstrated expression in vivo for both constructs. 

The control AAV vector containing a GFP gene led to robust expression in the rat basal forebrain (Fig. 
2A and 2B). Within 3 weeks of injection of tau vectors, many neurons around the injection path contained 
human tau identified by immunofluorescent or immunoperoxidase labeling. Neurons, but not glia, were 
immunoreactive and labeling was present in perikarya, dendrites and neuritic arbors as described for AD (13, 
35). 

The expression was localized to the medial septum (1-1.5 mm anterior and posterior from the injection 
site) ipsilateral to the injection (Fig. 2C). Tau-immunoreactive axons were detected throughout the ipsilateral 
fimbria, fornix and hippocampus. The human-specific tau antibody T-14 did not label any structures in rat 
brain tissue after sham injections or transduction with control vector. Tau expression persisted for at least 8 
months after injections, the longest interval tested in rats. Tau immunoreactivity was dense in neuronal 
perikarya, and the cells had distorted cytologic features that differed from normal pyramidal neurons (Fig. 
2D), resembling flame-shaped NFTs. Immunolabeling for several antibodies against hyperphosphorylated tau 
and disease-related conformational tau epitopes (8) was tested. The monoclonal antibody CP 13 recognizes 
phosphorylated tau serine 202. CP 13 labeled diffuse or finely granular perikaryal cytoplasmic neuronal 
immunoreactivity from one month to eight months, the longest interval tested (Fig. 2E). The distribution of 



5 



CP13-immunoreactivity was similar to that found with the human- specific antibody T-14, demonstrating that 
the human tau was hyperphosphorylated within the earliest interval tested, 3 weeks. Antibodies to other 
pathological epitopes described in NFTs confirmed similar neuronal pathology in rats to that seen in human 
disease. The monoclonal tau antibody ATI 00, which specifically recognizes relatively AD-specific 
phosphorylated serine residues (Ser212 and Ser214), showed a different pattern than CP13, appearing mainly 
in varicose neurites near the injection sites rather than in neuronal cell bodies. Staining with AT100 was less 
widespread than with CP13. The Alz-50 antibody, which recognizes an abnormal tau conformation found in 
AD (36), gave similar results as AT100 with the pCB-Tau AAV vector. With the pTau-W AAV vector, the 
neurofibrillary pathology reflected by Alz-50 staining (Fig. 3A) appeared more intense and over larger tissue 
volumes than after comparable injections of pCB-tau AAV (not shown). It appeared that a larger fraction of 
the total human tau T-14 immunoreactivity was also positive for Alz-50 in the case of the WPRE vector. The 
pTau-W vector expressed immunoreactivity for the NFT-specific antibody Ab-39 (37) in cell bodies and 
processes throughout the medial septum (Fig. 3B). Gallyas silver staining, which labels fibrillary argyrophilic 
lesions, revealed NFTs and neuritic processes 3 weeks after injection of the pCB-Tau AAV (Fig. 3C). 
Argyrophilia was examined on sections adjacent to those used for CP13 immunolabeling (Fig. 3D & E). Only 
some of the CP13-immunoreactive cells, i.e. those with globose immunoreactivity, demonstrated silver 
staining. 

Samples processed for transmission electron microscopy (EM) showed neuronal cell bodies and cell 
processes containing 15-20 nm diameter straight filaments (not shown), consistent with P301L tau filaments 
detected in NFTs in transgenic mice (23, 25). ImmunoEM demonstrated unequivocally that these filamentous 
lesions contained tau. ImmunoEM with CP 13 showed immunolabeling of 15-20 nm diameter straight 
filaments (Fig. 3F). Similar ultrastructural results were also obtained with a polyclonal antibody specific to 
human tau (E-l; 38) and with a monoclonal antibody (MC-1; 36) specific to a pathologic conformation found 
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in tau in AD (8). Tau immunoreactivity was detected at the electron microscopic level at 2 months, but the 
number of gold particles was sparse. There were no pathologic filaments or identifiable NFTs at 2 months. 
Some neurons also showed pre- tangle-like staining patterns at 4 months as was found at earlier intervals. 

We injected vectors into the hippocampi of 2-month-old doubly transgenic PS1/APP mice (30), 
attempting to add neurofibrillary pathology to an existing transgenic background that has become an 
important model for AD. The GFP control vector produced efficient transfection of pyramidal and non- 
pyramidal neurons in CA1 and dentate gyrus that lasted at least 12 months (Fig. 4A). After delivery of pCB- 
tau AAV, similarly persistent expression in ipsilateral dentate granule neurons was demonstrated by 
immunoreactivity for the human-specific tau T-14 antibody (Fig. 4B). Immunolabeling with a panel of tau 
antibodies revealed that the pCB-Tau AAV vector produced neuronal tau pathology in the mouse 
hippocampus similar to that observed with injections into the septal region of rats. Both thioflavine S 
fluorescence and immunofluorescence for amyloid, demonstrated with a monoclonal antibody to an amino- 
terminal epitope in A[3 (6E10), showed amyloid deposits throughout the hippocampus and cortex. Some 
neurons with tau-immunoreactive pre-tangles were found in close proximity to amyloid deposits (Fig. 4C). 
The amyloid plaques were also frequently penetrated and surrounded by tau-immunoreactive neurites (Fig. 
4D), reminiscent of neuritic dystrophy associated with plaques in AD (39). 



DISCUSSION 

Human mutant P301L tau was expressed in the brains of adult rats and mice with somatic cell gene 
transfer. The rat is a versatile animal model for many pharmacological and behavioral probes. The 
expression of NFTs, perhaps the most common neuropathological lesions found across the broadest range of 
neurodegenerative diseases, in this species will facilitate studies of factors that influence NFT formation. For 
example, the influence of the aged brain can be evaluated by comparing results from vector injections at the 
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same dose and time interval, in either young or old subjects. Such an experiment would be difficult in 
existing models of tauopathy, but addressable with a vector approach because the onset of transgenic 
expression can be controlled. Another advantage of this approach is the ability to combine transgenes, which 
we demonstrated by expressing at least pre-tangle tau pathology in the brains of amyloid mice. We found tau- 
immunoreactive neurites closely associated with amyloid plaques. This approach may therefore provide a 
novel experimental method to model AD pathology comprehensively, in which relationships between amyloid 
and tau in vivo can be analyzed systematically. 

The degree of tau pathology appeared to be expression level- and time-dependent. The combination of 
the CBA promoter and the WPRE in AAV serotype 2 vectors boosted expression levels of GFP in neurons to 
significantly higher levels than in similar vectors without the WPRE (31). The same was true for tau vectors, 
with the CBA-tau-WPRE AAV producing detectable tau expression in primary neuronal cultures, while the 
CBA-tau AAV did not. The greater expression of tau conferred by the WPRE also led to greater pathology, 
as a more complete fraction of the total tau immunoreactivity was also positive for Alz-50 immunoreactivity 
in the case of the CBA-tau-WPRE vector. Expressing more tau within neurons led to more AD-like Alz50 tau 
conformations. NFTs were unequivocally detected by immunoEM at 4 months but not at 2 months, 
suggesting that NFT formation was time-dependent over this interval in this model. The sparse pre-tangle- 
like deposition of gold particles observed at 2 months was also found in some neurons at 4 months, which 
may suggest that NFT formation is not complete by 4 months. The fact that positive Gallyas staining could be 
found in a few cells within 3 weeks suggests that NFT formation may be occurring much faster in cells that 
are expressing the highest levels of tau or that some cells are more prone to be tangle-genic, potentially due to 
differential expression of kinases that may phosphorylate tau. 

The vector approach can be used to successfully model NFTs in adult rats. This model will be useful 
for studying the pathogenesis of neurodegeneration. The ability to target specific neuronal populations 
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affected in human disease makes it possible to generate animal models that are more complete approximations 
of specific diseases, which may facilitate the development of rational therapeutic interventions. 

METHODS 

DNAs, transfections, western blots 

DNAs to be expressed were incorporated into expression cassettes that are flanked by the AAV 
serotype 2 terminal repeats, the only remaining sequence (and 4%) of the AAV-2 genome. The CBA 
promoter was used for all constructs and in some cases the 3' enhancer WPRE. Control GFP plasmids were 
described previously (29, 31). Constructs were made several forms of tau including wild type and P301L 
forms either with or without exons 2/3 (23, 25). Plasmids were carried in SURE E.coli (Strategene) and CsCl- 
purified. 

Immunoblots were run with samples from transfected human embryonic kidney 293 cells. The 
calcium-phosphate method was used for transfection, with 2 xlO 6 cells on 6 cm dishes and 8 |ig of DNA per 
dish. Two days after transfection, 293 cells were scraped into 0.5 ml cold homogenization buffer (1% 
Nonidet P-40, 0.5 % sodium deoxycholate, 0.1% SDS in IX PBS, also containing protease inhibitors: 0.1 
mg/ml PMSF, 1 |ag/ml aprotinin, 1 mM sodium ortho vanadate), sonicated for 5 sec, spun at top speed in a 
microcentrifuge for 5 min, and the supernatant was used for western blots. Each of the DNA constructs was 
transfected in 293 cells and produced the appropriate sized bands on human tau-specific T-14 immunoblots 
(60 kDa for 2/3- forms and 70 kDa for 2/3+ forms), which were not found in controls. Only the P301L form 
including exons 2/3 was packaged into AAV and expressed in primary neuronal cultures and in the rat brain. 

Primary neuronal cultures were provided by the laboratory of Dr. Colin Sumners at the University of 
Florida. The preparations were from whole brains of newborn Sprague-Dawley rats as previously described 
(34, 31). The cultures contained 3xl0 6 cells per well of 6-well dishes. Ten days after plating, the AAV was 
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added, in volumes between 1-30 jxl. Cells were harvested 5 days later for tau immunoblots as described 
above. 

For the brain tissue, a 3 mm coronal section of the forebrain was taken using a 1 mm brain block 
device. The medial septum/vertical limb of diagonal band on the side of the injection was dissected. The 
sample was weighed and homogenized in 0.5 ml of the same buffer as above using a small Dounce 
homogenizer, spun as above, and the supernatant was collected. All samples were normalized for protein 
content by Bradford assay and subjected to 12% SDS/polyacrylamide gel electrophoresis. 

Vector packaging and titering 

Packaging of plasmids in recombinant AAV serotype 2 was based on the streamlined method 
developed by Zolotukhin et ah (40), and described by Klein et ah (29). Briefly, 293 cells were transfected 
with an AAV terminal repeat-containing plasmid in an equimolar ratio with the plasmid pDG, which provides 
the AAV coat protein genes, and adenovirus 5 genes necessary for helper function in packaging (41). Three 
days after transfection, cells and media were harvested and pelleted. The pellet was resuspended in lysis 
buffer (50 mM Tris pH 8.5, 150 mM NaCl) and freeze-thawed 3 times. The sample was then incubated with 
1500 units of endonuclease (Sigma) for 30 min. at 37°C. After, the sample was centrifuged at 3700 RPM and 
the resulting supernatant was applied to a discontinuous gradient of iodixinol (OptiPrep, Nycomed). The 
AAV was then removed and added to a heparin (Sigma) affinity column and the eluent was concentrated and 
washed using Millipore Biomax 100 Ultrafree-15 units. AAV vector stocks were titered for physical 
particles, or copies of vector genomes, by dot-blotting against standard curves of known amounts of DNA 
using the non-radioactive BrightStar kit (Ambion). Titers for the AAVs that were used were between 1x10 
and 1 x 10 13 particles per ml. 
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Subjects and stereotaxic injections 

Male Sprague-Dawley rats (3 months old) were anesthetized with a cocktail of 3 ml xylazine (20 
mg/ml), 3 ml ketamine (100 mg/ml), and 1 ml acepromazine (10 mg/ml) administered intramuscularly at a 
dose of 0.5-0.7 ml/kg. The injection coordinates for the medial septum were 0.7 mm bregma, 0.2 mm lateral, 
7.0 mm ventral (42). Virus stocks were injected through a 27 ga. cannula connected via 26 ga. I.D. 
polyethylene tubing to a 10 ^1 Hamilton syringe mounted to a CMA/100 microinjection pump. The pump 
delivered 3 jxl at a rate of 0.2 jxl/min, and the needle remained in place at the injection site for 1 additional 
min. The cannula was removed slowly (over 2 min), and the skin was sutured and the animal was placed on a 
heating pad until it began to recover from the surgery, before being returned to their individual cages. Two 
month old double transgenic PS1/APP mice (30) were injected with AAV vectors in the hippocampus, -2.1 
mm bregma, 1.2 mm lateral, 2.0 mm ventral (43). The anesthetic for mice was isoflurane using a gas 
anesthesia system. Two |il of AAV vector was injected with a 30 ga. needle. All animal care and procedures 
were in accordance with institutional IACUC and NIH guidelines. 

Histological staining for light and electron microscopy 

Anesthetized animals were perfused with cold phosphate-buffered saline (PBS), followed by cold 4% 
paraformaldehyde in PBS. The brain was removed and immersed in fixative overnight at 4°C. For standard 
immunohistochemistry, the brain was equilibrated in a cryoprotectant solution of 30% sucrose/PBS at 4°C. 
Coronal sections (50 thick) were cut on a sliding microtome with freezing stage. Antigen detection was 
conducted on free-floating sections by incubation in a blocking solution (2% goat serum/0.3% Triton X-100/ 
PBS) for 1 hr at room temperature, followed by primary antibody incubation overnight at 4°C on a shaking 
platform. Prior to blocking, endogenous peroxidase was quenched by incubation in 0.5% H2O2/PBS for 10 
min. The sections were washed in PBS, and incubated with biotinylated goat anti-rabbit or goat anti-mouse 
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secondary antibody (DAKO, 1:1000) for 1 hr at room temperature. The sections were washed with PBS and 
labeled with horseradish peroxidase (HRP)-conjugated Extravidin (Sigma, 1 : 1000) for 30 min at room 
temperature. Development of tissue labeled with HRP was conducted with a solution of 0.67 mg 
diaminobenzidine (Sigma), 0.13 \il of 30% H2O2 per ml of 80 mM sodium acetate buffer containing 8 mM 
imidazole and 2% NiSCU. Peroxidase-stained sections were mounted on Fisher Superfrost Plus glass slides, 
dehydrated in a series of ethanol and xylene incubations and coverslipped with Eukitt (Electron Microscopy 
Sciences). Primary antibodies for immunostaining included: GFP (Molecular Probes, 1:2000); Tau T-14 
(Zymed, 1:2000); anti-NFT (Chemicon, 1:200); CP13 (P. Davies, Albert Einstein College of Medicine, 
1:200); Alz-50 (P. Davies, 1:200); MC-1 (S.H. Yen, Mayo Clinic Jacksonville, 1:500); E-l (S.H. Yen, 1:500), 
Ab-39 (S.H. Yen, 1:500); AT100 (1:500, Endogen); 6E10 (1:1000, Serotec). Some of the markers were 
visualized with immunofluorescence using TRITC-conjugated or coumarin-conjugated secondary antibodies 
(1 :500, Jackson ImmunoResearch). Flourescent samples were coverslipped with glycerol-gelatin (Sigma). 

For Gallyas silver staining and immunoEM, the animals were perfusion fixed and the brains were 
extracted and immersed in fixative overnight as above. The brains were then placed in PBS. Tissue blocks of 
the medial septum/vertical limb of diagonal band were paraffin embedded for Gallyas or plastic embedded for 
immunoEM as described (23, 25). Gallyas samples were counterstained for hematoxylin & eosin. For regular 
EM, animals were perfused with normal saline and then 2.5% glutaraldehyde/ 2% formaldehyde in 0.1 M 
sodium cacodylate buffer. The brains were immersed in fixative overnight and then placed in 0. 1 M sodium 
cacodylate before processing for plastic embedding (23, 25). 
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Figure Legends 

Fig. 1. Tau AAV vector expression in vitro and in vivo. The form of tau was the human P301L including 
exons 2 & 3, and the main protein band produced ran at approximately 70 kDa, as expected. Lanes 1 & 2, 
Tau T-14 immunoblot, 20 [ig of either the pCB-Tau (lane 1) or the pTau-W (lane 2) DNAs were transfected 
into HEK 293 cells, 20 jxg protein per lane. Lanes 3-7 Tau T-14 immunoblot, 4x1 0 10 particles of either the 
pCB-Tau AAV (lanes 3 & 4) or the pTau-W AAV (lanes 5 & 6) was added to day 10 neonatal rat whole brain 
neuronal cultures. After 5 days, the 70 kDa band was detected only in cultures that were treated with the 
WPRE-containing vector. Lane 7, untreated primary neuron culture sample, all samples had a similar band 
around 65 kDa, 20 jag protein in lanes 3-7. Lanes 8 & 9, Tau T-14 immunoblot, dissected and homogenized 
basal forebrain after injection of lxlO 10 particles of the pCB-Tau AAV (lane 8, 6 months post-injection) or 
lxlO 10 particles of the the pTau-W AAV (lane 9, 1 month post-injection), 70 jug protein per lane. Lanes 10 & 
11, hyperphosphorylated tau antibody CP13 immunoblot, pCB-Tau and pTau-W as in lanes 8 & 9. 

Fig. 2. GFP and tau expression in the rat basal forebrain. A) The medial septal nucleus/diagonal band was 
injected, leading to widespread expression of GFP immunoreactivity throughout this area. Serial sections 
from 1 brain injected with the control pGFP AAV (31), lxlO 10 particles in 3 |Lll, 2 months post-injection. B) 
Native GFP fluorescence after the unilateral injections as in A, which is not as sensitive in detecting GFP 
expression as the immunostaining in A. C) Human-specific Tau T-14 staining 3 weeks after injecting the 
pCB-Tau AAV (lxl 0 10 particles in 3 |xl) showing widespread expression of the human tau in the same area as 
A & B. D) The cells expressing T-14 immunoreactivity had sharp pointed edges, not unlike in appearance to 
flame-shaped NFTs. Inset, higher magnification E) CP 13 hyperphosphorylated tau immunoreactivity, 2 
months post-injection pTau-W AAV (lxlO 10 particles; immunofluorescence). The expression pattern for 
CP 13 was similar to that of total tau T-14 immunoreactivity at all intervals tested and with both tau vectors. 
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Bars, A = 4.2 mm; B, C = 200 \xm; D = 25 |im; E = 40 [im. 



Fig. 3. Neurofibrillary pathology and NFT formation in the rat brain. A) Alz-50 staining after injection of the 
WPRE-containing Tau vector, lxlO 10 particles, 1 month post-injection. The Alz-50 staining was more 
pronounced than with the pCB-Tau AAV (not shown), although this conformational epitope was still mainly 
expressed in fine neurites. B) The NFT-specific antibody Ab-39 labeled dystrophic cells and neurites along 
the needle track at 4 months, pTau-W AAV. C) Gallyas silver staining was detected in neuron cell bodies and 
processes at 3 weeks post-injection, pCB-Tau AAV, lxlO 10 particles. D & E) Labeling on adjacent sections 
with CP 13 and Gallyas staining showed that a small fraction of CP13-positive cells were argyrophilic. The 
globose staining for CP 13 (arrow in H) was also positive for Gallyas (arrow in I), a confirmed NFT at 4 
months, pTau-W AAV. F) ImmunoEM was performed using the CP 13 antibody. At 4 months, gold particles 
labeled along 15-20 nm filaments, which were found aggregated into bundles, pTau-W AAV. Inset, 3-fold 
higher magnification. Similar results were found with the conformational MC-1 antibody and the human- 
specific E-l antibody. Bar, A, B, D, E = 15 |im; C = 10 |Lim; F = 300 nm. 

Fig, 4. GFP and tau expression in amyloid-bearing mice. A) The GFP control vector, pTR-UF12 (29, 31), 
was efficient for expression in CA1 and dentate gyrus granule cells after hippocampal injections to PS1/APP 
double transgenic mice, 6xl0 9 particles in 2 |il injected, 12 months post-injection, DAPI counterstain, midline 
to right. The D API-dense loci proved to be amyloid plaques on adjacent sections stained with the 6E10 
antibody. B) Tau T-14 immunofluorescence (red) in cell bodies and processes in the dentate gyrus, midline to 
left, 6xl0 9 particles of pCB-Tau AAV injected, 12 months post-injection. The T-14-stained neurites appeared 
to be enriched around loci the size of plaques. The green fibers are commissural axons of neurons transduced 
by GFP control vector injected on the contralateral side as in A. C) Anti-NFT antibody-staining (red) and 
6E10-staining (blue) after injections as in B. D) Plaques near the pCB-Tau AAV injections were surrounded 
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by rings of anti-NFT staining as in C. Bars, A, B, D = 50 \im; C = 100 iim. 
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We used a high-titer recombinant adeno-associated virus (rAAV) 
vector to express WT or mutant human a-synuclein in the substan- 
tia nigra of adult marmosets. The a-synuclein protein was ex- 
pressed in 90-95% of all nigral dopamine neurons and distributed 
by anterograde transport throughout their axonal and dendritic 
projections. The transduced neurons developed severe neuronal 
pathology, including a-synuclein-positive cytoplasmic inclusions 
and granular deposits; swollen, dystrophic, and fragmented neu- 
ritis; and shrunken and pyknotic, densely a-synuclein-positive 
perikarya. By 16 wk posttransduction, 30-60% of the tyrosine 
hydroxylase-positive neurons were lost, and the tyrosine hydrox- 
ylase-positive innervation of the caudate nucleus and putamen 
was reduced to a similar extent. The rAAV-a-sy nude in-treated 
monkeys developed a type of motor impairment, i.e., head position 
bias, compatible with this magnitude of nigrostriatal damage. 
rAAV vector-mediated a-synuclein gene transfer provides a trans- 
genic primate model of nigrostriatal a-synucleinopathy that is of 
particular interest because it develops slowly over time, like human 
Parkinson's disease (PD), and expresses neuropathological features 
(a-synuclein-positive inclusions and dystrophic neurites, in partic- 
ular) that are similar to those seen in idiopathic PD. This model 
offers new opportunities for the study of pathogenetic mecha- 
nisms and exploration of new therapeutic targets of particular 
relevance to human PD. 

Dopamine neurodegeneration induced by MPTP (1-methyl- 
4-phenyl~l,2,3,6-tetrahydropyridine) is currently the best 
available primate model of Parkinson's disease (PD; see refs. 1 
and 2 for a current review). In adult monkeys, MPTP adminis- 
tration induces profound loss of dopamine neurons in the 
substantia nigra (SN) and motor impairments similar to those 
seen in idiopathic PD. The MPTP model, however, has two 
obvious limitations. First, MPTP-induced toxicity is a rapid, 
single-hit event, resulting in an acute onset of neurodegeneration 
and neurological symptoms. Second, the M P TP- affected dopa- 
mine neurons do not develop the progressive a-syn ucleinopathy 
(Lewy bodies and Lewy neuritis, in particular) that is the 
characteristic hallmark of idiopathic PD. There is thus an 
obvious need for a new primate model of PD where the 
pathogenetic mechanisms associated with a-synuclein (a-syn) 
toxicity and nigrostriatal degeneration can be studied in species 
close to man. 

Previous studies have shown that the a-syn protein is a major 
component of the intraneuronal protein aggregates (Lewy 
bodies and Lewy neuritis) that are pathological hallmarks of the 
disease (3, 4). Moreover, point mutations in the a-syn gene have 
been shown to cause familiar PD (5, 6), suggesting that abnormal 
processing and/or function of a-syn may trigger the neurode- 
generative process. Although a-syn is expressed in neurons 
throughout the nervous system, neurodegeneration in PD is 
remarkably selective and is most prominent in the dopaminergic 
neurons of the SN. Recent studies suggest that this selective 
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vulnerability may be due to interaction of a-syn with intracellular 
dopamine, oxidative stress, and dopamine-dependent free rad- 
ical damage (7-10). This interaction probably explains why 
dopaminergic neurons are affected by a-syn at expression levels 
that are nontoxic to other types of cells (10-13). 

These in vitro data raise the possibility of generating transgenic 
models of PD by overexpression of the a-syn protein in the 
nigrostriatal dopamine neurons. This approach has given prom- 
ising results in Drosophila (14). Nevertheless, the attempts made 
so far in mice, by using standard transgenic technology, have 
been disappointing. In the transgenic mouse strains generated to 
date, WT or mutated human a-syn have been expressed under 
neuron-specific promoters; although a-syn accumulation, a-syn- 
positive inclusions, and signs of neuronal injury have been 
widespread, no significant nigral pathology or cell loss has been 
detected in any of these mice (15-21). Recently, however, direct 
gene transfer by means of viral vectors has emerged as an 
interesting alternative to the standard transgenic approach. 
Recombinant adeno-associated virus (rAAV) and lentivirus 
vectors, in particular, are useful for this purpose because they 
transduce nondividing neurons with high efficiency in the CNS 
and are integrated and stably expressed without any signs of 
inflammatory or immune reactions (22, 23). These vector sys- 
tems can be targeted to specific subregions of the CNS, and, in 
contrast to standard transgenic technology, they offer a trans- 
genic approach that can be applied in adult animals and in other 
species than mice, such as rats and primates. 

The rAAV vectors are of special interest in the context of PD 
because of their exceptionally high affinity for nigral dopamine 
neurons. In a previous study (24), we have shown that the rAAV 
vector system can be used to overexpress WT or mutant a-syn 
in the nigrostriatal neurons in adult rats, and that this over- 
expression is accompanied by the development of a pronounced 
a-synucleinopathy, including the appearance of a-syn-positive 
cytoplasmic inclusions and dystrophic neurites, a gradual loss of 
30-80% of the nigral dopamine neurons, and PD-like behavioral 
improvements. 

In the present study, we have applied this rAAV-a-syn vector 
construct to express human a-syn in the nigrostriatal dopamine 
neurons in a small nonhuman primate, the common marmoset. 
We report that the rAAV vector is equally effective in trans- 
ducing the pars compacta neurons of the primate SN and show 
that overexpession of either WT or mutant human a-syn is 
sufficient to induce a PD-like neuropathology in the primate 
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nigrostriatal system, accompanied by dopamine neuron cell loss 
and signs of motor impairments. 

Experimental Protocols 

rAAV Vectors. The rAAV-CBA-a-syn, rAAV-CBA-mu-a-syn, 
and rAAV-CBA-GFP vectors were produced by using a double 
transfection method with rAAV plasmids and a helper plasmid 
containing the necessary gene products normally provided by 
adenovirus (25), and purified as described (26). The final titers 
were 8.2 x 10 11 , 1.4 x 10 12 , and 1.5 X 10 n infectious units/ml, 
respectively, for the three vectors, as determined by an infectious 
center assay (27). The vectors express the transgene from a 
hybrid promoter consisting of an enhancer element from the 
cytomegalovirus promoter, followed by the chicken j3-actin 
promoter containing a rabbit )3-globin intron, termed CBA (28). 

Animals and Surgery. All procedures were carried out under a 
project license in accord with the U.K. Animals (Scientific 
Procedures) Act 1986. Eight adult common marmosets (Cal- 
lithrix jacchus), four males and four females, were used. All were 
laboratory-bred, aged 65-72 mo and weighed 340-380 g at the 
start of the experiment The monkeys were housed in pairs with 
both members of the pair receiving the same type of rAAV 
vector injection. Two monkeys received injections of the rAAV 
vectors encoding the WT human a-syn, two received A53T 
mutated human a-syn, and four received a control vector 
encoding the GFP. In one of the rAAV-wt-a-syn injected 
animals, the injections failed; this animal was not included in the 
further analysis. 

For surgery, the marmosets were anesthetized with alphaxa- 
lone-alphadone (Saffan; Schering-Plough; 0.5 ml of 12 mg/ml, 
i.m.). A supplementary dose of 0.3 ml Saffan was given during 
surgery if necessary. Infusions of 3 /xl rAAV were made unilat- 
erally at each of two sites in the right SN: anterior (A) 5.5, lateral 
(L) -2.5, and ventral (V) 6.6; and A 4.0, L -2.5, and V 6.6 
[coordinates derived from the stereotaxic atlas of Stephan et al 
(29)]. The injections were made at a rate of 0.25 /il/min by using 
a 29-gauge injection needle that was left in place for a further 4 
min after each injection. After surgery, the monkeys were given 
an analgesic (Finadyne, Schering-Plough; 0.1 mg/kg, s.c.) and 
kept warm in an incubator until well enough to be returned to 
their home cage, usually later that day. 

Behavior. Changes in motor behavior over time were monitored 
by amphetamine-induced rotation and a head position bias test 
(30, 31). In the latter test, the direction of the head relative to 
the body axis (ipsi- or contralateral to the injected side or straight 
ahead) was scored every second over three 1-min periods. The 
time difference (ipsi-contra) was used as a measure of head 
position bias. Tests were conducted preoperatively, at three 
weekly intervals and 16 wk after the AAV infusions. 

Histology. The monkeys were perfused for histological analysis at 
3-16 wk after vector injection. After premedication with 0.05 ml 
ketamine (Vetalar; Shering-Plough; 100 mg/ml, i.m.) and under 
deep anesthesia with 0.8 ml of sodium pentobarbitone (200 
mg/ml, i.p.), the monkeys were perfused transcardially with 300 
ml PBS, followed by 1,000 mi of 4% paraformaldehyde in PBS. 
The brains were placed in 4% paraformaldehyde solution for 
24 h, after which they were transferred to 30% sucrose solution 
in PBS. Immunohistochemical stainings were performed on 
free-floating sections by using antibodies raised against tyrosine 
hydroxylase (TH; rabbit IgG, 1:250, Pel-Freez Biologicals), GFP 
(rabbit IgG, 1:20,000, Abeam, Cambridge, U.K.), vesicular 
monoamine transporter-2 (VMAT-2; rabbit IgG, 1:2,000, 
Chemicon), Hu (mouse IgG, 1:1,000, courtesy of S. A. Goldman, 
Cornell University, Ithaca, NY), and human a-syn (mouse IgG, 
1:16,000, courtesy of V. M. Lee, University of Pennsylvania, 




Fig. 1. Photomicrographs showing the expression of the GFP transgene in 
monkeys injected with the control vector. (A and 8) GFP was expressed in the 
vast majority of the neurons in SN pars compacta, and some cells dorsally in the 
mesephalic tegmentum and ventrally in the SN pars reticulata {A). The trans- 
genic GFP protein was transported along the axons of the nigrostriatal pro- 
jection system to the caudate nucleus, putamen, and lateral olfactory tuber- 
cle, whereas the projections to the medial olfactory tubercle and the nc. 
accumbens were not labeled to the same extent (C; the noninjected control 
side is to the left). The density of GFP-expressing fibers in the striatum is shown 
in D. Scale bar in A - 0.5 mm; S and D = 50; C - 1 mm. 



Philadelphia). Incubation with primary antibodies was followed 
with the appropriate secondary antibodies conjugated to biotin, 
and avidin-biotin-peroxidase complex (ABC Elite, Vector Lab- 
oratories), visualized with 3,3'-diaminobenzidine, mounted on 
chrome-alum-coated glass slides and coverslipped. For colocal- 
ization of GFP and TH, incubation with anti-TH primary 
antibody was followed by donkey anti-rabbit antibody conju- 
gated to Cy3 (red), and GFP was visualized using confocal 
microscopy by its native fluorescence in the green channel An 
additional series of sections were stained for cresyl violet. 

The total number of TH-positive and VMAT-2-positive neu- 
rons in the SN were estimated in separate series of sections 
according to the optical fractionator principle (32), by using the 
Olympus CAST system (Olympus Denmark A/S, Albertslund, 
Denmark). Every eighth section covering the entire extent of the 
SN was included in the counting procedure. The borders of the 
SN were defined as follows: the medial border between the ven- 
tral tegmental cell group and the pars compacta region was just 
lateral to the roots of the third nerve. At the most caudal level, 
the pars compacta was defined as the dense TH cell group 
ventral to the medial lemniscus and the retrorubral area. The 
TH-positive cells in the pars retriculata (and therefore dorsal to 
the cerebral peduncle) were included in the cell counts. This 
definition led typically to seven to eight sections per monkey 
being measured. A coefficient of error of <0.10 due to the 
estimation was accepted. 

Results 

The animals received injections of high-titer rAAV-a-syn and 
rAAV-GFP vectors unilaterally at two sites (2x3 ptl) in the SN 
and were perfused at 3 wk (n = 2 from GFP group), and 16 wk 
(n = 3 from a-syn group and n - 2 from GFP group) after the 
transduction. In the rAAV-GFP-injected animals, 90-95% of 
the TH-positive cells were found to express GFP at all rostro- 
caudal levels throughout the SN, indicating that the nigral 
dopamine neurons were very efficiently transduced in the mar- 
moset brain (Fig. I A and B). Most of the transduced cells in the 
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Fig. 2. Photomicrographs showing the TH-stained (A and B), VMAT-2-stained (C-£), cresyl violet-stained (Fand G), and Hu-stained (H and /) sections at the level 
of SN. In the rAAV-GFP-treated animals, both TH (A) and VMAT (compare C and D) staining showed normal numbers and distribution of nigral dopaminergic 
cells. In the rAAV-a-syn-injected animals, by contrast, a clear loss of cells was seen both with TH (B) and VMAT-2 stainings (compare C and £). Scale bars in ,4 and 
B - 0.5 mm; C - 300 (applies to C-f); f = 300 (applies to F-l). CP, cerebral peduncle; SNc, substantia nigra pars compacta; SNr, substantia nigra pars 
reticulate; VTA, ventral tegmental area. 



SN were confined to the pars compacta, but some GFP- 
expressing cells were also found in the ventral tegmental area 
(VTA). In addition, GFP-expressing cells occurred in the SN 
pars reticulata, ventral to TH-positive cells, and dorsally in the 
mesencephalic tegmentum (Fig. 1A). In the two animals killed 
at 3 wk after rAAV-GFP injection, transgene expression was 



confined to the cell bodies and proximal axons within the SN pars 
compacta, as well as the dendrites extending into the pars 
reticulata. At 16 wk, transgene expression was maintained at a 
high level in the SN. In addition, anterogradely transported GFP 
protein could now be visualized also along the entire nigrostri- 
atal pathway and in axon terminals throughout the striatum, 
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Fig. 3. Nigral degeneration in the r A AV-a-syn -injected animals. Pathological profiles in the SN were seen both with TH (A, B, and J) and a-syn 
immunoreactivity (C-l). Extensive cellular degeneration in the SN pars compacta, as visualized by TH immunoreactivity, also led to prominent dendritic 
abnormalities and loss of dendrites in the SN pars reticulata (B and J). Affected but surviving cells in SN pars compacta were shrunken (O and contained 
numerous inclusions within the cytoplasm and proximal neurites (F), as well as in axons within pars compacta (G and H) and along the nigrostriatal bundle 
(0- Numerous pathological fibers with prominent inclusions were observed in the cerebral puduncle (cf . 0 and £). Scale bars in A and B = 0.1 mm; C, I, and 
J = 50 n-m; 0 and £ = 0.2 mm; F, G, and H = 25 jum. 



including nc. accumbens and olfactory tubercle (Fig. 1 C and D). 
No signs of damage or degeneration could be detected in the 
GFP-transduced cells or their processes with any of the markers 
used (TH, VMAT-2, Hu, and cresyl violet; data not shown). 

In animals injected with either of the two a-syn vectors, by 
contrast, there were clear signs of degeneration in the nigrostriatal 
dopamine neurons. The total number of TH-positive cells in the 
injected SN, as determined by stereology, was decreased by 32-61% 
in the three injected animals (from an average of 47,106 cells on the 
contralateral untreated side, to an average of 26,797 on the injected 
side; cf Fig. 2 A and B). The same magnitude of cell loss (41-62%; 
from 43,034 cells on the control side to 23,214 cells on the injected 
side) was observed also in sections stained for the vesicular mono- 
amine transporter, VMAT-2, arguing against the possibility of a 
selective down-regulation of TH protein in the a-syn-expressing 
cells (Fig, 2 C-E). The loss of dopaminergic cells was further 
supported by a similar reduction in the number of neuronal profiles 
within SN pars compacta in sections stained for the pan-neuronal 
marker, Hu, or with cresyl violet (Fig. 2 F~T), Cell death was most 
prominent in the central part of the SN but was seen at all 
rostrocaudal levels. Loss of TH- and VMAT-2-positive cells was 
observed also in the VTA, although of lesser magnitude than in SN. 
No such cell loss was observed in any of the rAAV-GFP-treated 
control monkeys (Fig. 2A). 

Close examination of the SN transduced with either WT or 
mutant a-syn revealed signs of degeneration and ongoing pa- 
thology in the neurons of the pars compacta, including a-syn- 
positive cytoplasmic inclusions and granular deposits (Fig. 3F), 
a-syn- and TH-positive swollen, dystrophic and fragmented 
neurites (Fig. 3 C, G, and H), and shrunken, pyknotic perikarya 
with dense a-syn immunoreactivity (Fig. 3 B and C). Also, the 
dendrites projecting into the pars reticulata were severely dam- 
aged (cf. Fig. 3 A, B, and /), and a-syn- and TH-positive 
inclusions and swollen axons could be traced in large numbers 
along the nigrostriatal pathway (Fig. 3 D and E). Many of the 



surviving nigral cells, however, still expressing a-syn, had a 
normal intact appearance (Fig. 3B). In these cells, the a-syn 
immunoreactivity had an even, diffuse cytoplasmic distribution, 
suggesting that they had escaped the a-syn-induced toxic impact. 

In the rAAV-a-syn-injected monkeys, degenerative changes in 
the axon terminals in the striatum could be visualized both with 
TH (Fig. 4C) and VMAT-2 antibodies (Fig. AD). None of these 
changes were seen in the animals injected with the rAAV-GFP 
control vector (Fig. 4 A and B). A substantial loss of TH- and 
VMAT-2-positive fibers, in the order of 40-50%, occurred 
throughout the caudate nucleus and putamen, whereas the 
innervation in the ventral striatal and limbic regions, including 
nc. accumbens and the olfactory tubercle, was relatively spared 
(Fig. 4C; cf. Fig. 4 E and F). Swollen axons and pathological 
inclusions were observed in the remaining sparse TH-positive 
innervation in the striatum (Fig. 4 F and G), and also within the 
internal capsule (not shown). 

In the behavioral tests, amphetamine-induced rotation did not 
show any consistent changes at any time point (data not shown). 
In the head position test, the preinjection average scores 
(±SEM) for the rA AV-a-syn and rAAV-GFP groups were 
+0.5 ±5.4 and +9.4 ± 2.1 s, respectively. At 3 wk postinjection, 
i.e., at the time when transgene expression in the AAV-infected 
cells is fully developed (33-36), the animals in the rAAV-a-syn 
group showed a marked bias in the direction away from the 
injected hemisphere (-33.0 ± 5.7 s, as compared with +7.5 ± 
2.1 s in the rAAV-GFP group). At 6 wk postinjection, this 
contralateral bias was reversed to an ipsilateral bias (+17.7 ± 
1.7 s), as would be expected from animals with loss of dopamine 
innervation in the striatum. This bias persisted until the end of 
the experiment at 16 wk after transduction and was especially 
strong in two of the three rAAV-a-syn animals (+40.5, +22.3, 
-14 s, respectively), whereas the rAAV-GFP-injected animals 
showed no such bias (+5.5 and -7.3 s, respectively). 
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Fig. 4. Photomicrographs illustrating the axonal fiber innervation in the 
striatum visualized with TH (A, B, and E-G) and VMAT-2 (S and D) immuno- 
histochemistry. Whereas expression of GFP protein did not alter the density of 
TH- and VMAT-2-positive fiber innervation in the striatum (A and 8), the 
expression of a-syn led to prominent loss of fibers both in caudate nucleus and 
putamen in the transduced hemisphere, as compared with the contralateral 
intact side (Cand D). Remaining TH-positivef ibers in the a-syn-treated animals 
were sparse (compare E and F) and contained inclusions (G). Scale bars in 
A-D = 1 mm; E and F = 0.1 mm; G = 25 ^m. 



Discussion 

The cellular changes induced by overexpression of a-syn in nigral 
dopamine neurons reproduces some of the cardinal neuropatho- 
logical features of human PD, including a-syn-positive cytoplasmic 
inclusions and a-syn-positive swollen and dystrophic neu rites, as- 
sociated with degenerative changes in TH-positive axons and 
dendrites. In the rat, this a-synucleinopathy is a slowly developing 
process that starts at ~3 wk after transduction and is fully developed 
by 2 mo. At that time point 30-80% of the nigral dopamine neurons 
and 25-90% of the striatal dopamine innervation are lost. A similar 
(30-60%) loss of TH- and VMAT-2-positive neurons in the SN, 
and a 40-50% reduction in TH- and VMAT-2-positive innervation 
throughout caudate nucleus and putamen was observed in the 
rAAV-a-syn-treated monkeys. Similar to idiopathic PD, the TH- 
positive neurons in the VTA and the associated innervation in 
limbic forebrain regions were relatively spared. These monkeys 
displayed a type of motor impairment, i.e., head position bias, that 
is compatible with the observed magnitude of nigral dopamine 
neuron cell loss. This side bias developed slowly, between 3 and 6 
wk after transduction, and was maintained in two of the three 
animals until the end of the experiment (at 16 wk). 

The nigral dopamine neurons seem to be particularly sensitive 
to a-syn overexpression. Interestingly, however, in both rats and 
monkeys, part of the transduced dopamine neurons survived 
long-term without any clear signs of damage, despite a main- 
tained expression of the transduced a-syn protein, whereas 
others displayed signs of cellular and neuritic pathology sugges- 
tive of an ongoing neurodegenerative process. This variable 
vulnerability may be explained by the observation that a-syn 



toxicity is closely linked to the level of oxidative stress, and that 
dopamine neurons may be particularly sensitive due to interac- 
tion of a-syn with intracellular dopamine and dopamine- 
dependent oxidative mechanisms (7, 10, 11, 37, 38). It is worth 
noting that, with the current technique, the level of transgene 
expression will vary among the infected cells because neurons 
close to the injection site may receive more copies of the 
recombinant virus. However, it is likely that not only the level of 
a-syn expression but also the level of oxidative stress, which may 
vary from cell to cell, will determine the impact on the trans- 
duced cell. Previous in vitro studies (see, e.g., refs. 11, 38, and 39) 
have shown that the A53T and A30P mutants of human a-syn 
may be more toxic and make the transduced cells more vulner- 
able to oxidative stress, than the WTform. In the present model, 
as in some other in vivo experiments (14, 17, 19, 20, 24, 40), both 
the WT and the A53T mutant a-syn were highly toxic. In the 
absence of dose -response data, however, we cannot determine 
whether the two forms may differ in potency, 

Neurodegeneration in PD is likely to depend on an interaction 
between a-syn (and the ubiquitin-proteasome pathway), oxidative 
stress, and mitochondrial impairment. Current animal models of 
PD successfully replicate the two latter mechanisms: 6-hydroxydo- 
pamine-induced toxicity mediated by oxidative damage, and 
MPTP- and rotenone-induced toxicity, mediated by chronic inhi- 
bition of mitochondrial complex I (1, 41). Targeted overexpression 
of a-syn in nigral dopamine neurons by rAAV vectors provides a 
new model of nigrostriatal a-synucleinopathy and a-syn-induced 
nigrostriatal neurodegeneration that will be a valuable complement 
to the existing ones. The advantage of this a-synucleinopathy model 
is that it is chronic and progressive, like human PD, and that it 
develops neuropathological features, in particular a-syn-positive 
inclusions and dystrophic neurites, that are similar (although not 
identical) to those seen in idiopathic PD. Moreover, neurodegen- 
eration and behavioral impairments evolve over a relatively short 
period, 6-8 wk after transduction as determined in the rat (24), 
which is advantageous for experimental studies. Compared with 
standard transgenic mouse technology, vector-mediated transgen- 
esis has a particular attraction, in that the transgenic protein can be 
delivered to adult animals at any time during the lifespan; that it can 
be targeted to specific subsets of neurons; that it can be applied uni- 
or bilaterally, as desired; and that it can be used also in primates. 
Viral vectors, and the new generation high-titer rAAV vectors in 
particular, provide new efficient tools for cell-specific, targeted 
transgenesis in the brain. The feasibility of using this approach in 
primates, as shown here, opens entirely new possibilities for the 
generation of transgenic primate models of neurodegenerative 
diseases, and for in vivo studies of pathogenetic mechanisms. 
Because rAAV vectors can be administered repeatedly to the same 
cells, they will be interesting also as tools for the expression of genes 
and intracellular factors that may block or interfere with critical 
pathogenetic processes (such as formation of toxic fibrils or protein 
aggregates in rAAV-a-syn-treated animals) and for the exploration 
of new molecular targets for therapeutic purposes. 
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Frequency of Tau Gene Mutations in Familial 
and Sporadic Cases of Non- Alzheimer Dementia 
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Background: Mutations in the tau gene have been re- 
ported in families with frontotemporal dementia (FID) 
linked to chromosome 17, It remains uncertain how com- 
monly such mutations are found in patients with FTD 
or non-Alzheimer dementia with or without a positive 
family history. 

Objective: To determine the frequency of tau muta- 
tions in patients with non- Alzheimer dementia. 

Patients and Methods: One hundred one patients with 
non-Alzheimer, nonvascular dementia, most thought to 
have FTD. Of these, 57 had a positive family history of 
dementia. Neuropathologic findings were available in 32. 
The tau gene was sequenced for all exons including flank- 
ing intronic DNA, portions of the 3' and 5' untranslated 
regions, and at least 146 base pairs in the intron follow- 
ing exon 10. 



Results: Overall, the frequency of the tau mutations was 
low, being 5.9% (6/101) in the entire group. No muta- 
tions were found in the 44 sporadic cases. However, 6 
(10.5%) of the 57 familial cases and 4 (33%) of the 12 
familial cases with tau pathologic findings had muta- 
tions in the tau gene. The most common mutation was 
P301L. 

Conclusions: We conclude that tau mutations are un- 
common in a neurology referral population with non- 
Alzheimer dementia, even in those with a clinical diagno- 
sis of FTD. However, a positive family history and/or tau 
pathologic findings increase the likelihood of a tau muta- 
tion. There must be other genetic and nongenetic causes 
of FTD and non- Alzheimer dementia, similar to the etio- 
logic heterogeneity present in Alzheimer disease. 

Arch Neurol 2001;58:383-387 
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Frontotemporal dementia 
(FTD) has been increas- 
ingly recognized as a com- 
mon form of non-Alzhei- 
mer disease (AD) dementia 
that is clinically characterized by behav- 
ioral problems predominating over 
memory loss and frontal and temporal lo- 
bar cortical atrophy. 1 A familial subtype 
of FTD, often with parkinsonian fea- 
tures, has been linked to chromosome 17, 

For editorial comment 
see page 351 

and several mutations in the tau gene have 
been discovered to segregate with the dis- 
ease in most of these families. 2 " 6 Because 
FTD and other non-AD dementias are rela- 
tively common, especially in the pre- 
senile age group (younger than 65 years), 
it is important to determine the fre- 
quency of tau mutations in this popula- 
tion. Thus far, only 2 studies have ad- 
dressed this issue. Rizzu et al, 7 in an FTD 
population from the Netherlands, found 



that 17.8% of cases had a tau mutation and 
43% of cases with a positive family his- 
tory had a tau mutation. Houlden et al 8 
studied non-AD dementia cases from Min- 
nesota and the United Kingdom. They 
found no tau mutations in 71 non-AD 
cases, whereas 9.4% to 13.6% of those with 
pathologic findings of FTD had tau mu- 
tations. We report herein the largest se- 
ries to date from North America of FTD 
and non-AD cases of dementia evaluated 
for mutations in the tau gene. 



RESULTS 



The results are summarized in fable 2 
and Table 3. Fifty-seven cases were fa- 
milial and 44 were sporadic. There were 
no differences in the mean ages at onset 
for the familial and sporadic cases. Eigh- 
teen of the familial cases and 14 of the spo- 
radic cases had autopsies, 22 of which 
showed some form of tau pathologic 
changes. Twenty cases had neurofibril- 
lary tangles and 9 had Pick bodies. Six tau 
mutations were discovered in the total 
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PATIENTS AND METHODS 

We ascertained 101 unrelated index patients with non- 
AD, nonvascular dementia who were thought most likely 
to haveFTD or some variant of FTD. The majority of these 
were ascertained from the Neurology and Alzheimer's Dis- 
ease Research Center clinics at the University of Washing- 
ton, Seattle, and the University of Pennsylvania, Philadel- 
phia. Additional individual cases were referred by several 
neurologists (see acknowledgments). Criteria for inclu- 
sion were initial behavioral problems exceeding memory 
loss, often with neuroimaging or neuropathologic evi- 
dence of lobar atrophy. 1 Exclusion criteria were a diagno- 
sis of typical AD, progressive supranuclear palsy, Parkin- 
son disease, alcoholism, vascular dementia, and Lewy body 
dementia. Most of the patients had a clinical diagnosis of 
FTD conforming to the guidelines of Neary et al. 1 Family 
histories were available for 86 cases, and those having a first- 
degree relative with dementia were considered familial. Sub- 
jects with a negative family history or no available family 
history were considered sporadic. These cases do not rep- 
resent a random or community-based sample but have a 
bias of ascertainment toward unusual dementia referred to 
special academic research units. Subjects participated 
through informed consent protocols approved by the rel- 
evant institutional review boards. 

Neuropathologic examination was performed on 32 
brains and included staining of microscopic sections from 
neocortex, hippocampus, basal ganglia, cerebellum, and 
brainstem with hematoxylin-eosin, Bielschowsky silver, 
tau-2, paired helical filament, and A [J -amyloid. Patho- 
logic changes related to tau were defined as any tau- 
positive cytoplasmic inclusion, which included neurofi- 
brillary tangles and Pick bodies. 3 Eight cases subjected to 



autopsy met criteria for dementia lacking distinctive his- 
topathologic features. 9 

The initial family (BK or Seattle A) with a tau muta- 
tion discovered at the University of Washington was ex- 
cluded from this study. 3 

DNA samples from affected persons in the families with 
dementia were prepared from peripheral leukocytes as pre- 
viously described. 1011 Primer pairs for each exon from tau 
were used to amplify 200 ng of patient genomic DNA in 
50-uL reactions (35 cycles) containing IX polymerase chain 
reaction buffer, 200 ng of each primer, 2.5 U of Taq DNA 
polymerase (Promega Corp, Madison, Wis), and 400- 
umol/L deoxy nucleoside triphosphatase (Perkin-Elmer, Nor- 
walk, Conn) (Table 1 ). Polymerase chain reaction prod- 
ucts were subjected to electrophoresis with the use of 2.5% 
agarose/0. IX TAE (Tris-acetate-ethylenediaminetetraac- 
etate) gels and the appropriate fragments purified with a 
DNA purification kit (Bio 101 Inc, Lajolla, Calif). The pu- 
rified fragments were sequenced automatically with dye ter- 
minator cycle sequencing (TaqFS DNA polymerase or Big 
Dye Terminator RR Mix; Perkin-Elmer), and an ABI 373 
or 377 DNA Sequencer (Applied Biosystems, Foster City, 
Calif). 

Primer pairs for amplification and sequencing tau have 
been described previously. 4 New primers were designed for 
9 of the 1 1 exons to sequence deeper into the introns (Table 
1) and were used for sequencing in approximately 50 of 
the 100 patients. Both strands of the tau gene were se- 
quenced for all exons, including at least 7 base pairs (bp) 
of flanking intronic DNA, 50 bp of the 5 '-untranslated re- 
gion, and 70 bp of the 3' untranslated region. For all cases, 
more than 146 bp of flanking sequence for intron 10 were 
analyzed. DNA samples were available from a panel of 96 
unrelated normal control subjects to determine whether any 
changes occurred in the general population. 



group (6/101; 5.9%), the most common of which was 
P301L (proline-to-leucine substitution at nucleotide 301) 
(3/6). Other mutations were L284L (leucine-to-leucine 
silent substitution at nucleotide 284), S305N (serine-to- 
asparagine substitution at nucleotide 305), and E10+ 16 
(nucleotide substitution at position +16 in intron 10). 
The detailed descriptions of these families have been re- 
ported elsewhere. 412 " 15 Fifty-seven patients had a positive 
family history of dementia in at least 1 first-degree rela- 
tive, and all 6 tau mutations came from this group 
(10.5%). No tau mutations were found in the 44 sporadic 
cases. There were 4 tau mutations in the familial cases 
with neuropathologic features (22%), and all 4 came 
from the familial group with tau pathologic features 
(4/12; 33%). Of all 22 cases in the total familial and spo- 
radic groups with tau pathologic features at autopsy, 4 
(18%) were found to have tau mutations. None of the 9 
sporadic cases with Pick bodies and none of the 8 cases of 
dementia lacking distinctive histopathologic features 
had tau mutations. 

Table 4 lists the 22 normal polymorphisms found 
in the tau gene in the control samples. Nine of these poly- 
morphisms have been previously published and 13 are 
new. This list will be of value to other investigators search- 
ing for mutations in tau. 



COMMENT 



These results demonstrate that mutations in the tau gene 
are a relatively uncommon cause of FTD and non~AD, 
nonvascular dementia in a neurology referral popula- 
tion. The frequency of mutations in this population is 
approximately 6%, and all were found in subjects with a 
positive family history. Frontotemporal dementia can be 
familial (45% in the study by Chow et al 18 ). A positive 
family history of dementia and/or evidence of tau- 
related neuropathologic features greatly increases the 
probability of a tau mutation (10% to 30%). However, 
even familial cases and cases with tau pathologic fea- 
tures may not have demonstrable mutations. 

One caveat concerning these results is that no group, 
including our own, has performed a complete exhaus- 
tive screen of the entire tau gene including all regula- 
tory, noncoding, and intronic regions. It is conceivable 
that rare disease-related mutations lie in these regions, 
but the number of such mutations is likely to be small. 
One possible example of this phenomenon is the heredi- 
tary dysphasic dementia 2 (HDD2) family linked to chro- 
mosome 1 7 but having no demonstrable tau mutation. 19 
The tau gene has a large number of polymorphisms (Table 
4) that occur fairly frequently in the general population 



(REPRINTED) ARCH NEUROL/VOL 58, MAR 2001 WWW.ARCHNEUROL.COM 

384 

©2001 American Medical Association. All rights reserved. 



Table 1. Tau Exon Primers Used for Genomic PGR Amplifications and Sequencing* 



Tau Exon/Primer Primer Sequence 5'-3' Primer Position Relative to Exon Product Size, nt Annealing Temperature, *C 



1EF 


GCCAACTGTTAGAGAGGGTAGC 


-136 




60 


1ER 


GTGTCTGGCCATTATCTCACTGC 


+183 


469 


2EF 


TTGCCTCAGGTGGCACCACTAGC 


-293 




60 


2ER 


TGGCTGCTCTGGGACCTACTGGC 


+345 


725 


3BF 


CACTGCAGCGTTTACACAGG 


-266 




60 


3BR 


CTGTCACAGGTCAGCTGGG 


+68 


422 


4BF 


AGACACAGCCTCCACAACC 


-360 




60 


4BR 


CTCTTTCTATATCTGAGTAGCC 


+165 


592 


5BF 


TGTTGATACTAACAATGCGAGG 


-181 




60 


5BR 


AAGCACTTTAAATGACAGC 


+132 


369 


7BF 


CAGACACTAGTG GCATCTAG G 


-148 






7BR 


AGGCAATGAAGACTCCAGTGC 


+152 


427 


9EF 


CCACACAGCTTGTTGGAGCC 


-325 




60 


9ER 


TCACAGTGTAGTGGAGAGCC 


+233 


824 


10GF 


GTCTAGCCAGGTGTGAGTGG 


-426 




60 


10CR 


GGCTACATTCACCCAGAGG 


+146 


665 


11 EF 


TGCTTCTCATTGAGTTACACC 


-113 




60 


11ER 


TTGTCTTGGGCAGCATGGCC 


+212 


417 


12EF 


TTGGCCCTGGTTCAAGTCC 


-218 




60 


12ER 


CCCACTGGATGCTGCTGAG 


+151 


472 


13F 


ACTTCATCTCACCCTCCCTC 


-37 




60 


13R 


CCTCTCCTTCTCCCTCTT 


352 


597 



*PCR indicates polymerase chain reaction; nt, nucleotide; F, forward; ellipses, not applicable; and ft, reverse. 



Table 2. Tau Mutations in 101 Index Cases With FTD or Non-AD Dementia* 



Age, Mean i SD, y 



Familial 

With neuropathology findings 
With tau-related pathologic 
findings 

Without neuropathology findings 
Sporadic 
With neuropathologic findings 
With tau-related pathologic 
findings 

Without neuropathologic findings 
All cases 



No. of Subjects 


i 

At Onset 


I 

At Death 


Tau Mutations, No. (%) 


57 


57.7 ±10.5 


68.0 ±10.0 


6(10.5) 


18 


55.4 ±11.1 


677 ±10.2 


4(22) 


12 


58.6 ± 9.9 


69.8 ±9.5 


4(33) 


39 


59.0 ±10.0 


73t 


2(5.1) 


44 


54.7 ±11.8 


67.9 ±7.4 


0 


14 


60.4 ± 9.4 


67.9 ± 7.4 


0 


9 


62.1 ± 9.9 


69.3 ± 7.0 


0 


30 


52.1 ±11.9 


No deaths 


0 


101 






6(5.9) 



*FTD indicates frontotemporal dementia; AD, Alzheimer disease. 
fO/f/y 1 death. 



and are not likely to be disease related, but may be dif- 
ficult to interpret in small focused studies. One excep- 
tion appears to be the AO polymorphism, which shows a 
consistent and significant association with progressive 
supranuclear palsy. 20 

Even though no tau mutations have yet been found 
in a sporadic case of FTD, an occasional case is likely to 
be discovered. The most common explanations for such 
a phenomenon would be nonpaternity, a new mutation, 
decreased penetrance in other family members, or early 
presymptomatic death of a mutation-carrying parent. 21 

Our results are similar to those of Houlden et al, 8 
who evaluated cases from Minnesota and the United King- 
dom. They, too, found no mutations in sporadic non-AD 
cases and a 9.4% to 13.6% frequency of mutations in cases 
with tau pathologic features. Rizzu et al 7 found a higher 
frequency of tau mutations in an FTD population in the 



Netherlands (17.8% overall and 43% in the familial cases). 
These latter results may reflect the presence of a few large 
families with FTD linked to chromosome 17 in the rela- 
tively small population of the Netherlands. Neverthe- 
less, all investigators have documented many FTD cases 
without tau mutations. 

These results have important practical implica- 
tions. Neurologists and/or clinical laboratories screen- 
ing patients with dementia for tau mutations will have a 
low yield of positive results, unless there is a strong fam- 
ily history of dementia and tau-related neuropathologic 
findings. However, discovering a patient with a tau mu- 
tation has utmost importance to the family in providing 
genetic counseling. 

Mutations in the tau gene appear to cause neuronal 
dysfunction and death by at least 2 mechanisms, 22 - 23 One 
is by altering the ability of tau to bind microtubules. The 
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Table 3. Six Families With Tau Mutations* 



Mean Age (Range), y 



Family 


Mutationf 


At Onset 


At Death 


Clinical Diagnosis 


Neuropathology Findings 


Mutation Effect 


References 


GAA 


P301L 


49.5 (41-57) 


56.3 (46-63) 


FTD, atypical dementia, 


NFT, tau + inclusions 


Abnormal MTB 


4,12 










atypical PD 








LBL 


P301L 


61.0 (56-67) 


68.3 (56-77) 


FTD, atypical dementia 


Ballooned neurons, NFT 


Abnormal MTB 


4,12 


OREL 


P301L 


64.3 (57-75) 


72.3 (65-80) 


FTD 


NA 


Abnormal MTB 


4,12 


EKR 


E10+16 


48 (48-55) 


65 (65-75) 


FTD, atypical dementia 


NA 


Abnormal splice E10 


Present study, 15 


LKL 


L284L 


51.8 (47-52) 


62.0 (57-71) 


FTD, AD 


MFT, neuritic amyloid 


Abnormal splice E10 


14 












plaques 






TAB 


S305N 


36.7 (29-38) 


38.0 (35-41) 


FTD, atypical dementia 


NFT 


Unknown 


13 



*FTD indicates frontotemporal dementia; PD, Parkinson disease; AD, Alzheimer disease; NFT, neurofibrillary tangles; NA, no pathologic findings available; 
MTB, microtubule binding; and splice E10, splicing of exon 10. 
1fSee the "Results" section for an explanation of the mutations. 



Table 4. Polymorphisms in the Tau Gene* 



Position 
Relative 

Polymorphic Primer to Exon of 



Location 


Nucleotide 


Pair 


Primer Pair 


Codonf References 


5'UTR 


A/G 


1EF/1ER 


-13fromATG 


4, 7,16 


11 


CfT 


2EF/2ER 


+18 


7,16 


12 


C/G 


3BF/3BR 


-163 


Present study 


12 


T/G 


3BF/3BR 


-162 


Present study 


12 


A/G 


3BF/3BR 


-139 


Present study 


13 


A/G 


3BF/3BR 


+9 


7,17 


13 


T/A 


4BF/4BR 


-103 


Present study 


13 


A/T 


4BF/4BR 


-94 


Present study 


14 


A insertion 


48F/4BR 


+45 


Present study 


15 


T/C 


5EF/5ER 


-72 


Present study 


E7 


G/A 


7EF/7ER 




176 7 


18 


G/A 


9EF/9ER 


-26 


Present study 


E9 


A/G 


9EF/9ER 




227 7,16 


E9 


T/C 


9EF/9ER 




255 4,7,16 


E9 


G/A 


9EF/9ER 




270 7 


19 


G/A 


9EF/9ER 


+103 


Present study 


110 


G/A 


10GF/10CR 


+29 


Present study 


111 


G/A 


11EF/11ER 


+34 


7,16,17 


3'UTR 


T/C 


13F/13R 


+34 


4,16 


3'UTR 


AAT deletion 


13F/13R 


+76 


Present study 


3'UTR 


T insertion 


13F/13R 


+250 


Present study 


3'UTR 


C insertion 


13F/13R 


+321 


Present study 



*UTR indicates untranslated region; I, intron; E, exon; F, forward; 
and R, reverse, 

•\Numbering based on the full-length tau sequence with exons 2, 3, and 10. 

other is by altering the normal 1:1 ratio of 3 repeat and 4 
repeat tau by abnormal splicing of exon 10. Both types of 
mutations were found in the present study (Table 3). The 
abnormal microtubule binding, perturbed isoform ratio, and 
cytoplasmic protein aggregation produce a delayed-onset, 
progressive dementing illness, but the pathogenesis of this 
disorder requires much further investigation. 

Finally, the relationship of tau gene mutations to the 
pathogenesis of AD remains intriguing. Most brains from 
cases with tau mutations have no amyloid plaque patho- 
logic features, but there have been a few exceptions, in- 
cluding 1 of the cases in this series (family LKL, re- 
ported previously). 14 - 24,25 Because AD, by definition, has 
tau pathologic findings (neurofibrillary tangles), the in- 



teractions between tau and amyloid require much more 
attention and elucidation. 

We conclude that, although mutations in the tau gene 
represent a powerful insight into the pathogenesis of neu- 
rodegenerative diseases, the frequency of such muta- 
tions in the general population of non-AD dementia is 
small. Such mutations are more common in cases with 
an FTD phenotype with a positive family history and 
neuropathologic evidence of abnormal tau inclusions. 
There must be additional causes of the FTD syndrome, 
including other genes involved in the familial cases. 
This evidence of heterogeneity in FTD is remarkably 
similar to that found in AD, where 3 genes (amyloid 
precursor protein and presenilins 1 and 2) cause some 
instances of early-onset familial cases and there is a 
genetic risk factor (apolipoprotein E), but the largest 
numbers of both familial and sporadic cases still have 
no known cause. 
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